To address the problem of polyspermy during artificial breeding practices of commercial free-spawning marine bivalve species, a greater understanding of the mechanisms behind polyspermy blocking is required. Therefore, we investigated the roles of the calcium ion (Ca 2+ ) channel and calmodulin (CaM) in fast electrical polyspermy blocking in the commercial bivalve species, Tegillarca granosa, using the specific inhibitors verapamil hydrochloride and N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride (W-7). The impacts of Ca 2+ -channel and CaM inhibition on polyspermy rates and oocyte membrane potential were studied microscopically using the fluorescent dyes Hochest 33258 and DiBAC4(3), respectively. The results showed that the inhibition of the Ca 2+ -channel and CaM led to a significant increase in polyspermy rates, which may be attributed to significant reductions in both amplitude and duration of membrane potential change during the depolarization process. These findings not only demonstrate that the Ca 2+ -channel and CaM play crucial roles in fast electrical polyspermy blocking, but also indicate that Ca 2+ might be essential for the depolarization process of oocytes of T. granosa.
INTRODUCTION
In most cases, the normal fertilization of sexually reproducing animals such as marine bivalves involves the fusion between a single male pronucleus and a female counterpart, whereas polyspermic fertilization results in messy cellular fission and subsequent embryonic breakdown (Levitan, 2004) . Therefore, many invertebrate organisms have evolved two main polyspermy blocking mechanisms, a fast but transient electrical block through oocyte membrane depolarization and a late but permanent physical block via a cortical reaction (Tsaadon et al., 2006; Snook, Hosken & Karr, 2011) .
The fast electrical block is triggered by the attachment of sperm to the oocyte surface, which activates ion channels in the egg plasma membrane, causing a change of membrane potential and subsequently blocking the attachment of superfluous sperm (Jaffe, 1976; Jaffe & Cross, 1986) . To date, this fast block to polyspermy through oocytes depolarization has been reported in many organisms such as the sea urchin Strongylocentrotus purpuratus, teleost Lampetra japonica and toad Xenopus laevis (Togo & Morisawa, 1999; Gould & Stephano, 2003; Levitan, Terhorst & Fogarty, 2007) . Oocyte depolarization is a result of influx of cations and/or efflux of anions through activated ion channels and previous studies confirmed that extracellular concentration of the corresponding ions is essential for this process (Miyazaki, Ohmori & Sasaki, 1975; . In addition, species-specific ions and ion channel involvement during oocyte depolarization have been reported for different organisms (Hagiwara, Miyazaki & Rosenthal, 1976; Igusa & Miyazaki, 1983; . For example, the influx of environmental Na + , K + and Ca 2+ ions alone or in combination have been suggested as the causes of plasma membrane depolarization of oocytes of Crassostrea gigas (Togo & Morisawa, 1999) , Mediaster aequalis (Hagiwara & Yoshii, 1979) and Lytechinus variegatus (Chambers & De Armendi, 1979) , respectively.
Among all environmental cations, the calcium ion Ca
2+
, a secondmessenger molecule, is fundamentally involved in all kinds of in vivo biological process including the fertilization event of oocytes (Whitaker, 2006; Santella, Vasilev & Chun, 2012; Stricker, 2014) . In invertebrates such as starfish (Astropecten auranciacus, Asterina miniata) and an annelid worm (Urechis caupo), sperm attachment activates voltagegated Ca 2+ channels (VGCCs) on the cell membrane and leads to an influx of extracellular Ca 2+ into the oocytes (Carroll et al., 1997; Deguchi & Morisawa, 2003; Moccia et al., 2004) . The intracellular high-affinity Ca 2+ ion subsequently binds to the C-and N-terminal lobes of the calmodulin protein (CaM), inducing local conformational changes and initiating the onset of plasma membrane depolarization (Guerrero & Darszon, 1989; Tadross, Dick & Yue, 2008) . In addition, it has been shown that inhibiting the Ca 2+ -calmodulin signalling pathway results in blocking effects, not only to the depolarization of oocytes, but also to the exocytosis of cortical granule (CG) (Kline, 1988) , indicating that Ca 2+ and the intracellular Ca 2+ regulator, CaM, play crucial roles in polyspermy blocking.
However, the mechanisms behind polyspermy blocking remain poorly understood in bivalves. Though previous studies have reported the existence of the fast electrical blocking to polyspermy in marine bivalve species (Alliegro & Wright, 1983; Stephano & Gould, 1988; Togo & Morisawa, 1999) , to our knowledge the roles of the Ca 2+ -channel and CaM in the depolarization of oocytes have yet to be elucidated.
The blood clam, Tegillarca granosa (Linnaeus 1758) is a traditional and economically important bivalve used in aquaculture; it lives on intertidal mudflats and is widely distributed along IndoPacific coasts Shao et al., 2016; Su et al., 2017; Zhao et al., 2017) . The aquaculture industry of blood clams relies on seed supply from artificial breeding, which often faces a polyspermy problem due to high sperm-egg ratio and concentration of gametes in the finite water column . However, limited knowledge in the underlying blocking mechanism is a constraint to finding a solution to the problem of polyspermy in artificial breeding practice of this and other commercial marine bivalves. Therefore, in order to improve our understanding of polyspermy blocking, the roles of the Ca 2+ -channel and CaM in the fast electrical polyspermy blocking of T. granosa were investigated through examining polyspermy rates and oocyte membrane potential changes after inhibition of the Ca 2+ -channel and CaM with specific inhibitors.
MATERIAL AND METHODS

Animal collection and maintenance
Sexually mature Tegillarca granosa were obtained from Yueqing Bay, Wenzhou, China and transported to Qingjiang Station of the Zhejiang Mariculture Research Institute, Wenzhou, China in August 2014. Before the start of the experiment, clams of similar size (shell height 17.98 ± SE 1.08 mm) were selected and acclimated in laboratory conditions for a week in a 2000-l tank with 500 l aerated sand-filtered seawater (temperature 23.96 ± 0.80°C, pH 8.09 ± 0.20, salinity 20.20 ± 0.40‰, dissolved oxygen 7.95 ± 0.10 mg/l). During the acclimation, the animals were fed with microalgae Platymonas subcordiformis and half the volume of the seawater was replaced with fresh filtered seawater daily.
Gamete collection and preparation
Air exposure and thermal shock were used to induce the spawning of the blood clams following the methods of Liu et al. (2011) and Shi et al. (2017) . After overnight exposure to air temperature at about 23°C, each individual was placed in a separate glass beaker filled with 500 ml filtered seawater warmed to 27°C. After 30 min of spawning, gamete suspensions were collected and the concentrations of gametes were estimated under a Nikon Eclipse E600 microscope with a haemocytometer (Babcock & Keesing, 1999 ). The quality of gametes was examined microscopically; sperm with slow motility and eggs with irregular shape were discarded .
Ca
2+ -channel blocking and CaM inhibition
In order to investigate the impact of Ca 2+ -channel blocking on polyspermy, the specific L-type Ca 2+ -channel inhibitor verapamil hydrochloride, the working efficiency of which has been verified in many marine bivalve species (Roesijadi & Unger, 1993; Wang & Fisher, 1999) , was used to block the L-type Ca 2+ -channel of oocytes. After microscopic examination, the same batch of high-quality eggs was divided equally into three 500-ml glass beakers. Following the verapamil hydrochloride application method described by Deguchi & Morisawa (2003) , freshly prepared verapamil hydrochloride (Tocris Bioscience, UK) was added to each of the egg suspension aliquots to obtain incubation concentrations of 0 μM (control), 200 μM and 400 μM, respectively. After incubation for 1 h, the respective egg suspensions were subjected to polyspermy assays and membrane-potential examination.
The specific CaM inhibitor W-7, which blocks the binding sites of Ca 2+ -CaM mediated target proteins through interaction with the hydrophobic pocket of Ca 2+ /CaM (Osawa et al., 1999) , was used to verify the role of CaM in oocyte depolarization and polyspermy blocking. Similar to the Ca 2+ -channel blocking treatment, a batch of high-quality eggs of one female were divided into four aliquots and incubated in seawater containing 0 μM (control), 10 μM, 20 μM and 30 μM W-7 (Santa Cruz Biotechnology, USA), respectively. After incubation for 1 h, the respective egg suspensions were examined.
Polyspermy assays
Eggs incubated with verapamil hydrochloride or W-7 were rinsed three times with filtered seawater to remove superfluous chemicals and then used for the polyspermy assays. Based on the estimated gamete concentration, polyspermy assays were conducted by mixing sperm and eggs at a ratio of 100:1 (final concentrations 4.73 ± 0.23 × 10 4 /ml and 4.73 ± 0.23 × 10 2 /ml for sperm and eggs, respectively). After 30 min fertilization time, the oosperm was washed with filtered seawater to remove superfluous sperm and then fixed with 4% paraformaldehyde solution. Embryos were collected from the bottom of the suspension and then rinsed with 0.01 M phosphate buffer saline (PBS; Solarbio Life Sciences, China), followed by 10 min staining using Hoechst 33258 (1 mg/ml; Beyotime Institute of Biotechnology, China) conducted under dark conditions. The rates of polyspermy were determined microscopically (Olympus fluorescence microscope BH-2, magnification 200×) by counting the percentage of polyspermic oocytes having multiple sperm pronuclei (Dong et al., 2012; Han et al., 2016) . Eggs obtained from three female individuals were used for each treatment (Ca 2+ -channel blocking or CaM inhibition) and at least 100 embryos were examined for each trial.
Membrane potential estimation
The membrane potential probe bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3)), which has been shown to be permeable to cell membrane and poses no damage to living cells, was used to estimate the effects of Ca 2+ -channel blocking and CaM inhibition on the membrane potential of oocytes during the fertilization event (Catapane et al., 2016) . DiBAC4(3) (DoJinDo Molecular Technologies, Japan) was dissolved in DMSO to make a 10 mM stock solution and stored at −20°C until use. As described above, after exposure to control, 200 μM verapamil hydrochloride or 10 μM W-7, the egg cells were collected and rinsed with filtered seawater and then incubated in fresh filtered seawater containing 2 μM DiBAC4(3) for 10 min at 37°C under dark conditions, following the manufacturer's instructions. A wet mount was prepared with 15 μl egg suspension and a small aliquot (about 1 μl) of sperm suspension loaded to the edge of a coverslip by micropipette. Images of oocyte membrane potential change in terms of fluorescence intensity during fertilization were captured with the charge-coupled device (CCD) video system mounted on the fluorescence microscope. According to the instructions, the excitation and emission wavelengths were set to 450-490 and 515-565 nm, respectively. Following the method described by Catapane et al. (2016) and Wang, Bukoreshtliev and Gerdes (2012) , the fluorescence intensities of sequential images obtained were calculated and analysed in Image Pro-Plus (IPP), using the equation: F = IOD/area, where F is the fluorescence intensity of the oocyte membrane, integrated optical density (IOD) represents the total optical density value of the stained egg area, and 'area' is the stained area of the egg.
Statistical analysis
One-way ANOVAs followed by post hoc Tukey tests were performed to investigate the impacts of Ca 2+ -channel blocking and CaM inhibition on the polyspermy rates of T. granosa. Following the method of Leclerc (2000) , relative changes in fluorescence intensity, the ratio of the fluorescence intensity of the activation potential relative to that of the resting potential (F/F 0 ), were used to describe the membrane potential changes of oocytes. The impacts of verapamil hydrochloride and W-7 exposures on the membrane potential of oocytes (both the maximum potential change and the duration of the activated membrane potential) were then analysed by one-way ANOVAs followed by post hoc Tukey tests. All data were presented as mean ± standard error (SEM) and differences were accepted as statistically significant at P < 0.05. All statistics were conducted with software OriginPro v. 8.0.
RESULTS
Impacts of Ca
2+
-channel blocking and CaM inhibition on polyspermy rates
As shown in Figure 1 , blocking of the membrane Ca 2+ -channel, which constrains the influx of Ca 2+ into the oocytes, led to a significant increase in polyspermy rates (P < 0.05). When the eggs were exposed to 200 or 400 μM of the Ca 2+ -channel specific inhibitor verapamil hydrochloride, the polyspermy rates increased to approximately 2.63 and 6.19 times that of the control.
Similarly, the inhibition of CaM using the specific inhibitor W-7 led to a significant increase in the polyspermy rates of the oocytes of Tegillarca granosa ( Fig. 2 ; P < 0.05). Compared with that of the control (4.57%), the rates of polyspermy significantly increased to 11.30%, 16.00% and 26.22% upon treatments with 10 μM, 20 μM and 30 μM W-7, respectively.
Impacts of Ca
2+
-channel blocking and CaM inhibition on the membrane potential of oocytes As shown in Figure 3 , when the membrane Ca 2+ -channels of oocytes were blocked with the specific inhibitor verapamil hydrochloride, the process of membrane depolarization was significantly inhibited. Both the amplitude and duration of the depolarization process of oocytes were significantly decreased after the oocytes were exposed to 200 μM verapamil hydrochloride ( Fig. 4 ; P < 0.05), which were approximately 86.04% and 38.20% of those of the control, respectively.
The process of membrane depolarization of oocytes was also significantly inhibited after an exposure to specific CaM inhibitor W-7 (Fig. 5) . Compared with those of the control groups, both the amplitude and duration of the depolarization process of the oocytes significantly decreased, to 83.75% and 42.45% of those of the control ( Fig. 6 ; P < 0.05).
DISCUSSION
The polyspermy blocking mechanism has remained poorly understood in marine bivalve species, with reports limited to only a few species such as Spisula solidissima, Crassostrea gigas and Mytilus edulis. Specifically, the roles of the Ca 2+ -channel and CaM in oocyte depolarization remains unconfirmed (Finkel & Wolf, 1980; Togo & Morisawa, 1999) . Previous studies conducted in bivalve species suggested that the fast electrical blocking via oocyte membrane depolarization plays an important role in inhibiting the entry of superfluous sperm into oocytes during the fertilization event (Togo & Morisawa, 1999) . For example, a fast membrane depolarization of oocytes during the fertilization event was detected in S. solidissima, initiated at about 5 s after sperm-egg collision and becoming fully functional in terms of polyspermy blocking at 10 s (Ziomek & Epel, 1975; Finkel & Wolf, 1980 ). In addition, previous studies in S. solidissima, C. gigas and M. edulis have demonstrated that the process of oocytes depolarization may depend on the existence of extracellular Na + (Finkel & Wolf, 1980; Togo, Osanai, Morisawa, 1995; Togo & Morisawa, 1999) . For example, the absence of oocyte membrane depolarization and a subsequent hampered polyspermy blocking were reported in C. gigas when fertilization was conducted in Na + -free seawater (Togo & Morisawa, 1999) . Though Na + has exclusively been suggested as one important trigger for the rapid electrical depolarization-mediated polyspermy blocking in marine bivalve species (Miyazaki, 1979; Schuel & Schuel, 1981) , the results presented here show that blocking of the Ca 2+ -channel led to a significant increase in the rate of polyspermy, suggesting that the cation Ca 2+ may also be crucial for this process. Though both Ca 2+ and Na + may contribute to the regulation of membrane potential, previous studies conducted in other species (such as the nemertean Cerebratulus lacteus and echiuroid Urechis caupo) have suggested that the peak of fertilization potential may result from calcium conductance while the plateau of the potential may result mainly from sodium conductance Jaffe et al., 1979 Kline et al., 1986) .
Data obtained in this study also show that CaM inhibition hampers the process of depolarization, indicating that CaM also plays an important role in fast electrical polyspermy blocking in the fertilization event of Tegillarca granosa. Previous studies conducted in model species of sea urchin and starfish have demonstrated that CaM, a prototypical intracellular calcium sensor, can regulate intracellular Ca 2+ concentration by binding to free Ca 2+ and modulating intracellular Ca 2+ release through pathways such as IP3-sensitive receptors (Santella, Puppo, Chun, 2004; Roux et al., 2006; Takahashi & Kyozuka, 2016) . Therefore, inhibition of CaM may lead to a reduction in intracellular Ca 2+ release, subsequently hampering the depolarization of the oocyte membrane.
The electrophysiological data obtained in the present study suggest that the polyspermy induced by Ca 2+ -channel and CaM blocking may be due to the reductions in both amplitude and duration of the depolarization process. It has been suggested that a threshold membrane potential is required in order to achieve a fully functional fast electrical polyspermy block. For instance, electrophysiological data obtained in the sea urchin Strongylocentrotus purpuratus have shown that the initial adhesion, penetration and fusion during the sperm-egg interaction were strongly correlated with a corresponding membrane potential threshold (Jaffe, 1976; McCulloh & Chambers, 1992) . In these studies, it has been shown that no eggs examined were polyspermic when the membrane potential of eggs was above the threshold of 0 mV, while polyspermy was found when the membrane potential was below the threshold of -10 mV. In the present study, when the Ca 2+ -channel and CaM were blocked by specific inhibitors, the decreased membrane potential amplitude relative to the normal fertilization potential may have resulted in the absence of a complete electrical block to polyspermy, thus allowing the entry of extra sperm across the egg membrane.
However, the decrease in depolarization duration brought about by Ca 2+ -channel and CaM inhibition could offer another explanation for the increased polyspermy rates detected. It has been shown in many organisms that the fast electrical polyspermy blocking through oocyte depolarization lasts for only a short pulse (Dale & DeFelice, 2011; Dale, 2014) . To ensure eggs are fertilized by a single sperm, polyspermy blocking is taken over by a slow but permanent mechanism through a cortical reaction (Jaffe & Gould, 1985; Brawley, 1991) . When the first sperm adheres to the oocyte surface and activates the membrane potential, the depolarized state of the oocytes lasts for a period of time to guarantee no entry of superfluous sperm before the cortical reaction occurs. Hence the existence of an 'overlap period' between the fast electrical block and the slow cortical reaction is crucial in order to block polyspermy effectively (Chandler & Heuser, 1979; Gould & Stephano, 2003) . The inhibition of the Ca 2+ -channel and CaM that led to a significant reduction in the duration of depolarization, may create such a window between the two processes, hence leading to an increase in the polyspermy rate.
In summary, the present study illustrates that Ca
2+
-channel and CaM play crucial roles in the fast electrical polyspermy blocking in T. granosa. These findings will contribute to a better understanding of the polyspermy blocking mechanism in marine bivalves and offer insights into tackling polyspermy issues in artificial breeding practices of commercial marine bivalve species.
